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I. INTRODUCTION

This semi-annual technical report on the research
program entitled "Long Range Materials Research," covers
the period June 1, 1974 through December 31, 1974. This

program is composed of four separate programs as follows:

1. Detcction of X-Ruy Radiation

2. Superplasticity and Warm Working of Metals
and Alloys

3. Synthesis of New Types of Catalyst Materials
4. Development of Elevated Temperature Klectro-

crystallization 'l'echniques

Progress in each of the subareas during this report
period will be described separately in the succeeding

sections of this report.
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IT.

DETECTION OF X~RADIATION

1. Introduction

The work in our laboratory is aimed at determining the physics of the

luminescence phenomena associated with activated and unactivated alkall halide

crystals which are used asg particle detectors in high energy physicsl-g, x~ray

sensors in astronomical observationslo and 1n the medical field in x~ray Image

Intensifiers used 1in diagnostic radlo]ogyll. Our work is currently concentra-

ted on unraveling the luminescent mechanism in Csl(Na), at present the most

efficient alkali X-ray converter (x-ray photons to blue Iight photons). During ]

this report period we feel that we have made a significant breakthrough in 1

determining certain aspects of this mechanism.

2. Optical Properties of CsI and CsI(Na)

Initially it was felt that there was a fundamental lurinescence 2: room

temperature associated with pure CsI, However as highe)r purity materials be-

came available, it became obvious that this Jumine:icence could be assoclated

with trace Impuritites such as thal lium or sodium or that the crystal had Leen

12
deformed or strained in some fagshion. The work of Towyama has shown that

there i1s a luminescence peakiug at 300 and 415 nm upon cxcitation by beta rays

Cd il

i1 specimens of CsI which have been heated in air at 500°¢ for one half an
hour and then quenched on an aluminum plate to roon temperature.

A question that arises in connection with this work is the amount of

4~
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impurities in the speciliens ured, Towyama states that the crystals were pre-
pared by the vacuum Bridgman method without subsequent refining. Further, his
emission spectra at roum and liquid nitrogen temperatures look suspicioucly
like the spectra we have obtained for films of CsI(Na) prepared under varilous
conditions, such as mole percent of sodium and heat treatment after the film
has been evaporated onto suprasil-quartz substrates. We have examined 're-
search pure'" crystals of Csl from the Harshaw Chemical Cowpany which they pre-
pare by a proprietary proucess. They examine 3" to 4" thick specimeas of this
material in emission spectroscopy to check for impurities and find none. Dr.
Carl Swinehart of Harshaw informs me that these are the purest crystals of
Csl that he has ever examined. We examined three of these crystals (1/2" x 1/2"
x 2mm) and found no emission at room temperature from two of them and a very
weak emission from the third one which was just above the noise level with vur
excitation and emission apparatus adjusted for maximum sensitivity. A differ-
ence in the handling of these three crystals could have produced this result,
However one can begin to say with some assurunce that there is no (very little)
room temperature luminescence from Csl.

CsI(Na) on the other hand has a room temperature emission with An 5 at
425 nm with a narrow excitation band centered at 252 nm. That this 1s the only
emission was checked by looking for different excitation spectra for wavelingths
under the emission curve with Amax at 4250 Z. None was found. At liquid nitro-
gen temperature an emission at 340 nm appears which 1s most efficiently excited
in the excitonic region around 215 nm, the emission at 425 nm being considerxbly
reduced over that at rcor temperature. Upoa heating the ''research pure" Csl to
500°C 1in dry nitrogen and cooling to room temperature in about 8 hours we were

ahle to reproduce the excltation and emission spectra lor CsT(Na) at room and




liquid nitrogen temperatures very closely i.e., Amax is 430 nm instead of

425 nm and the excitation spectrum has its maximum at 245 instead of 252 nm.
At liquid nitrogen temperatures the 340 nm emission is excited most effi~
ciently at 220 instead of 215 nm. Unlike Towyama we did not have any emis-~
sion at 300 nm at room temperature. The spectra are the same as regards

shape and intensity for measurements made on equally thick samples (2mm). The
"research pure" CsI spectra was slightly broader.

Our heat treatment of the '"research pure' CsI cannot be considered an
annealing process*. We must then assume that our treatment resulted in the
production of a large number of vacancies. The suggestion ther follows that
sodium in CsI introduces vacancies. To the best of our knowledge this is the
first experiment to demonstrate this effect in this manner. Other treatments
=t have drawn the analogy with CsI doped with divalent cations which exhi-
bit similar but not identical luminescence. These divalent cations must {ntro-
duce alkali cation vacancles for charge neutrality. The addition of dfvalent
cations to Csl is difficult and involves the risk of contamination. Our re-
sults have involved only the use of ultra pure Cs! without the addition of any

impurities and we have reprnduced the CsI(Na) spectra as regards shape inten-

sity and temperature dependence of the emission at 425 nm. The differences ob-

tained with the divalent cations from that with sodium are to be expected as in
order to get any effect we must have on the order of 200 ppm of divalent impur-

ities, whereas with the sodium 6 ppm 1s optimum.

* To properly anneal Cusl one raises the temperature 1 degree per hour from room
temperature to 500°C and then lowers the temperiiture to room temperature at
the same rate. We are grateful to Dr. Swinehart for conveying this Informn-
tion to us.
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Development Of Superplastic Ultra-High-Carbon Steels by Special Thermal
Mechanical Processing

Oleg D. Sherby, Bruno Walser, Conrad M. Young and Eldon M. Cady

(.

Introduct ion
For many applications, the ideal structural metallic material needs the
following qualities for its fabrication, application and extensive use. Diring
fabrication it should be capable of deforming to large strains without cracking
and under small externally applied forces for minimum expenditure of energy.
For final use as a structural material it should be strong, tough and possess
high ductility. The third important requirement is that it should be inexpen-
sive. Suclh a combinatlon of properties is not genevally achlevahle in most
metallic systems and it ls the objectlve of the materlals selentlst and englncer
to reach such ntopian goals.,  We have obtained the ahove sought for propertics
In ordlnary steels containlng carbon as the only principal alloyliong olement s
other elements Tike mnganese, sillceon, and sulfur ave present at the same con-
centration as in scrap steel. We found the desired properties bv adding o
higher carbon content (1.3 to 2.3%C) than is normally used industrially for making
plain carbon steels and we have developed unusual and special processing operat lons
to obhtain the desired final microstructure.

Steels containing 1.1 to 2.37% carbon have rarely, il oever, heen consldered
for broad industrial applleations.  sSuch stecls would be classilied between whiat
is known as high carbon steel (- 1.17¢) and cast tron (- L.770). Normally they
arce cousidered as potentially too birittle for ambleat temperature applfeatton
and their high temperature characteristics apparently have pnot been expliored.

It is stecls in this very composition range that we have made superplastle at

warm temperatures (0.4 to 0.6’I‘m where T 1s the absolute melting temperature)




ki el o il dbl i e ek _

and strong and ductile at room temperature.

The concept of adding large amounts of carbon, in the form of cementite, to
steel and the development of special thermal-mechanical process.ng procedures
towards the attainment of uniqu: properties and microstructure were conceived and
developed by us at Stanford. We wish to point out, however, that the special
structures we have created may possibly have been produced, perhaps accidentally,
over 1000 years ago. The damascus steels of ancienl Persia and india, also calind
bulat steels, arce known to have high carbon content::, commonly 1.5 to 2.0% carbon.
The high quality of these steels is well established.  Their manufacture, however,
appcars to be a forgotten art and there is considerable uncertainty with regard to
the origin of the "damask" or "watering' structure observed visnallv on the surface
of damascus blades and swords. Many of the carly metallurpgists speculated in depth
on the possible relation of the visual structure obtained to the corresponding mech-
anical properties. Much speculation centered on the possible importance of melting
procedure, rate of coolinp, purity cantent and mechanleal treatment on the resnlting
properties and structure; appareatly the only common point of agrecment on the pre-
requistites For o good blade or sword was that the carbon content should be high.
amith and Bclniew(|’2) cover the controversy on thene steels in detail.  We wanld
like to relate the following remarkable historical documentation on damaseus (bulat)
steels.  P. Anasov, a major-genciral in the Russian Army and superintendent of phe
Zlatoust Steel Works in the Ural mountains, devoted his whole 1ife to tyviup to
understand how hulat steels were made by the Persians and Indians. He wrote a
treatisce on this subject, apparently a life-tlme studv, cntitled "On the Batar",
in 1841(3). ils enthnsiasm for such high carbon steels prompted him to forcecast

that "= o agricutinval faborers will till the sotl with damascene ploaphshare:s,

oar atd banes whbl wese tools tashltoped of damascene teel, and damasceone steel will
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supersede all steel now employed for the manufacture of

artleles of special

hardness and endurance". Apparently his enthusiasm for such steels was not

shared by contemporary steel industry for no new ultra high carbon steel:

seemed to have appeared on the technological scene, at lcast not in luarge

quantity. Tt is, thus, with come trepidity that we sharc Anasov's enthusiasm

of a century and a quarter ago(4). Perhaps our new findings, based on our

ability to control the microstructure and based on our understanding of

deformation mechanisms and processes at elevated and low remperatures, witl

lead to a permanent use for ultra high carbon steel: for miany technological

appltications. The following is a description of our results which is to be

the basis of a patent that we have submitted to the patent office at Stanlord

University.

2. Superplas ticity in Ultra Hign Carbon Steels

Our motivation for consldering ultra high carbon contents in steels was

primarily to increase its ease of formability at warm temperatures. Regearch

(5 ]
on mmodel atloy systems ) has reveated that certain prerequlsites are generally

necded for superplastic behavlor and high formabilitv at warm temperatnres.

These are: fine stable grains with equiaxed stincture and two phases wlth cach

phase having abont the same strength at the working temperatnre (pencral ly abont

10 to 50 volume percent of second phasc). It is onr conteation that these attrl-

butes exist in hyperentectoid steels il one is able to produce the second phase

(cementite) in line spheroidized form. Such fine spheroidized structures have

7.8
been developed for a o ,( )

utectoid composition steel (0.8B%C) md some rescarchers

have attribnted superplastic behavior to it. We do not concur with this concluslon

shice onty aboutr 100y clongation was observed In slow rate tension tests. We have

also worked extenslvely with suclh enrbon steels and have not beon abl e to make 11t

-11-
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. (9,10 . X . .
Superp!astlc( 4 ). We define a material as superplastic if the scrain riate

sensitivity exponent, m, in the relation o = Kim, (¢ 18 the flow stress, ¢ i
the strain rate and K is a material constant) is equal to or greater than 0.4
and elongations in the order of 500% are achieved. We believe that one
reason why a eutectoid composition steel cannot readily he made superplastlce is
due to the case of grain growth at w.rm temperatures (i.c. at temperatures
aronnd 650°C). 1t is well established that the tendency for superplastic | low
diminishes with an increase in grain size. Thus grain growth inhibits super-
plasticity, A cutectoid composition steel contains shont 12 volume percent
cementite.  Generally, superplastleity s enhanced whon the volume Traction ol
sceond phase 1s increased.  This is Pirt by beciuse pratlo growth s made more
HlTicolt amd partly becanse more phase boundarioes are introduced and these cian
contribute to plastic low by grain bonndary shearing, o mode ol delomt Ton which
apparently dominates the superplastic flow process. Onr now Idea was to work with
steels containing 1.3% to 1.9Y (20 to 29 volume pcreent cementite) and we have been
able to prepare material containing one micron size praing which remain Tine during
plastic flow at warm temperatures. Such materials oxhibit high values of the strain
rate sensitivity exponent, m, in the order of 0.4, .nd elongations approaching 500%
when tested high in the territe range (650°C, T = .nTm). Such olongat Tons were
achlieved In tests pertormed it strain rates as high as 1o rer minate.

several methods ol developlng Tine stroctwres will e deseribed Lator,  The
Fine spheroidlzed stmctnres at talnable 1o ultra hish carbon steol:s by omr special ly
developed processing methods are illustrated in Figure 1. As can be seen the
massive cementite phase present in the original castIngs is broken up by extensive
working of the steels at warm temperatures. An example illustrating the super-

plastic behavior ol the ultra high carbon stecls, when in fine spheroidized form,

-12-




1.6 % CARBON STEEL

O TR
AP

AS - CAST AFTER WARM WORKING

Figure 1. The above carbon replica electron photomicrographs illustrate the |
" influence of warm working on the breakup of the original massive cementite ;
particles in cast ultra-high carbon steels (left photomicrographs). Extensive *
warm working yilelded a fully spheroidized structure in the 1.6% carbon steel
(upper right). Considerable refinement of the structure also occurred in the ‘
1.9% carbon steel (lower right) by warm working but because it was not as

ex-~
tensively worked some cementite plates are still present.
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is shown in Figure 2. As ecan be scey these steels exhibit very high doctility

at 650°C.  An evample of a 1.9%C steol twisted rapidly (in 5 seconds) a1 650°¢

hciia b

is shown in Figure 3, revealing uniform plastic flov with no fracturing. Such
behavior would suggest that superplastic=like deformation mechanisms are taking,

place in these ultra high carbon steels. We have examincd the microst mictiure of

our material after extensive plastic flow and have Iound that the grain size

remains fine and equiaxed. An example for the 1.9%¢ steel, using transmission
1]

electron microscopy, 1s shown in Figure 4, where it can be seen that the prain

size ol the ferrlie matrvlx is equlaxed and equal to about 2 microns.  The

bul bous

nature of the cementlte particles Is ref lective of i he hlgh degree ol mobltihiy ol

this phase at 650°C allowing Lt to accomodate to the Larpe change in samploe

geometry from plastic straining. Such behavior is typical ol superplast ic two
(5)

phase alloys - It is onr belief that the prescnce of manpanese and of her

impurities (c.g., silicon) at the levels common to commercial viecls assist the
spheroidized cementite in maintaining the fince graia size ol the

Tron and thus

its superplastic properties.
We were not able to achleve m ovalies as high

a0 i the ferrlte-coment ifae

ramie ol temperainres, o value nencerally assoclated with perfeet superplast e

bebavior,  Fhis snpgestoed thiat we had not qubte optimized cither om micrast e lur e

or our condltions ol testing.,  We kiew et oot her important variable i supes
plastlcity ol two phase metallie systems is the relarive streueth ol cach ol he
two phases. Tf the second phase (cementite in our case) is hard the natervial will

{ not be superplastic. The strengths of the two phascs should be nearly (he same

. /A
at the temperature where superplastic flow is to ocvur( . The hardness ot

cementite is not known as a function of temperature bnt we know it Is redily !

delormable ar 650°C. We specalated that cement |te may be somewhat harder Chau




UNDEFORMED SAMPLE

GAGE
LENGTH

1.3 % C STEEL

470%-*1
O~ -

1.6% C STEEL

[—‘ 340 %———I 1

1.9%C STEEL

0] 2 q 6 8 10 12 cm.

Figure 2. Superplastic flow of ultra high carbon steels at 650°C, deformed
at an engineering strain rate of 1% per minute.

L s e et e il




1.9% carbon steel. warm
rolled to a plate at

650°C (1200°F), then
twisted at 650°C (1200°F).

Figure 3. The above photograph illustrates the ease of twisting a sample of
superplastic 1.97 carbon steel at 650°C.
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Figure 4. Transmission electron micrograph of spheroidized 1.9%C steel
after 100% elongation at 650°C, deforme.. at 1% per minute. The fine

equia..od grain size of about 2im and the bulbous shape of the cementite
is typical of superplastically deformed microstructures.




the ferrite matrix at 650°C and decided to study the meclimleal behavior of our

ultra high carbon steels at 800°C. At this temperature, iron has translormed to

. . o,(ll% .
austenite with a strength about equal to ferrite at 650°C. he cementite phase,
however, should be considerably weaker due :o the normal c¢ffect of temperature on
Strength. The grain size of the transformed austenite should he very fine and
there should be sufficient cementite remaining to stabilize the praing doring
superplastic flow. The volume fractlon of cementite at 800°C need not be nu high
as at 650°C bhecause grain growth is inhibited in austenite by the low rate of iron

. D : (12)
self-diffusion in the close Packed face-centered cubic structure . As we ox-
pected, our nltra high carbon st rels exhibit superplasticity in (he ginmia-cement 1 (¢
range at 800° (T = ().61;)) with m equalting 0. 5. Even at high deformation rafos
the steets eoxhibiy gl wm values; at an engdneering strain rate of 1007 per i o

we were abhle to obtaio tenstle elongations up to 170y,

Our Yindings thns indleate that nirra high carbon stocets (0.9 to 2.37¢) can e

exceptionally formabhle at warm temperatures.  These stecls can be worked cextencfvely

(and onr rolling experiments reveal this clearly) i the ferrfte plus cement fte
range (600 to 720°C, and even as low as 500°C). Shaping ar sich temperatures has
the added advantage that very little oxidation occurs dining working with very
Little buildup of an oxide scale. Shaptng of our ultra high carbon steels low in
the gamma plos cemeatftoe range (720 to Y00°C) is slightly wore advimtageous cspe-
cially for the manufacture of complex shapes stnce 1t (s nearld vV pertectly supece-
plastie here.  The tempevatare ts higher, however, which teads o shiphtly higphicer
sorface oxidation as well as to an added expense In heat ing.
1. Dbevelopment ol Ultra Fine Equiaxed St ructures

An essential Teature of superplastie materfals Is tha they exhibie oo altea

fine equinxed stroctnroe wlth graln sizes in the order ol one micron. ‘Ihis, thew,

-14-




was the task facing us in our attempt to develop fine equiaxed structures in our

ultra high carbon steels.

Once developed they are then ready for superplastic

forming elther in the ferrite or austenite range of temperatures.

We have developed several methods of obtainirg fine spheroidized strinepyres

of cementite in a matrix of fine ferrite grains.  Amony them are ' he f Haowing:

First Method

In a "first method" for forming the ultra high carbon steels of the present

invention, a steel plate, billet, or any cther form of steel, is first hamogenized

in the gamma rangc by heating to a temperature at which substantially ail of the

3
: , , {
carbon present in the ecementite is dissolved in the austenlte (gamma iron) matrix. _
A suitable temperature for this purpose is on the ovder of 1100 to 1150°C. By
referciee to the Tron-ciarbon phase diagram, It fs apparcent that with o earbon con- .
]
tent In substantlal excess of 2%, the carbon content Is too high to be completely i
dissolved in the austenlite. As defined herein, homoyenizatlion will Inelode heat ITng,
a steel with a carbon content in excess of 27 to a temperature bhigh in the pamma-
cementite range (e.g., 50°C below the melting point of 1147°C). The purpose ol
homogenization is to place the carbon and other elements present into a relatively
uniform solution. This assists in the formation of 4 unitorm fine grained iron 3
structure after working.
.
In o second step accordlng to the flrst method. the steel plate Is then mech- !
auically worked In the gamma range to break up the cast ctroacture. This s oan :
optional step.  As defned hereln, mechantleal working tneludes rol Fiup, torgiuy, j
4

extrusion, or any other procedure which subjects the stecl to sntticient detormat ion
to form the aforementioned microstructure. ‘The purpose of mechinical working in the

pamma range is Lo accelerate homogenization aud refine the austenite pralos which

mipht otherwise tend to agglomerate and form larger grain structure.  this may




reduce the requirement for subsequent mechanical working to accomplish the

desired fine grained structure with spheroidized cementito.

In the next step, the steel plate is mechanically worked to a substantial

extent during cooling triough the ganma-cementite range. It is preferable that

such working be continuous. This working comminutes the Pro-eutectoid cementite

into a finer spheroidized form as it is precipitated fronm solution. Mechanical

working also contributes to refining further the austenite urain.  The level of

mechanical working varies depending upon o number of factors inctuding the prior

processing history of the steel. A typical amount of deformm Lton in the anma -

cementite range ls a true strain level (r) on the mider of LoS5. A practieal

measure of such strain is the deform

ttion produced daring 4 size rednetion of a

5:1 ratio.

in a final step of the first method, the steel is again mechinically worked,

as by rolling, at a temperature high in the ferrite-cementite range. Strains of

the Foregoing order of magnitude are employed in this temperature not only further

te spherofdize the comentite structure but also to 1educe rhe size of the peartite

strocture formed during 1 he pamma=alpha transtormation.  Tewperatures cmployed Tar

mechanieal workbng are on (he order of 500 to 720°C. A the lower end ol the range

the steel can posstbhly attigator. Accordingly, Ft is prelerable hat this mech-

anical working take place above this temperature as in a range from 600 ro 720°C.

A steel formed in accordance with the foregoiny, process includes an iron

grain matrix with uniformly di<persed cementite. The iren grain is stabitized In

a predominantly equinxed fine grained configuration. The cementite ix in predom-

inant ly spheroidized Yorm at cold to clevated temperatures. For cconomy of

operation and wniformity of the microstructure, it is preterable to mechanteally

work the need cont Tnnons by Urom emperatures In the gammia-cement ite range through
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temperatures high in the alpha-cementite rangc.

In a "first alternative method", the mechanical working in the alpha-cementite

range is eliminated so that the primary mechanical working is in the giumia-cement | Lo

range. The result of tlig procedure is as follows. During mechanical working in

the gamma-cementite range, essentially all of the comentite is converted to the

spheroidized form. Howeve r, during transformation of the iron from the gamma (o

the alpha form on cooling, the austenite containing dissoived carton

is converted to lerrite Plus additional cement Ite i non-spheroidized form, typically

Plates.  As ser forth above, 1t Is fmportant (hat essentially all ol the cement ite

be in spheroidized form at the temperature of fabrlcation in order for the steel to

be highly plastic at that temperature. Accordingly, at temperatures below the pammi-

2lpha transformation (723°C) the presence of substantial non-spheroidized cementite

greativ reduces the plasticity of the steel processed in accordance with this

alternative procedure. However, by heating the stecl to a temperatarce thove the

alpha-gamma transition (723°C) most of non-spheroidized cementite and atl ol the

alpliv fron 1s reconverted to austenite lron contaluing dissolved carbou wlth o

Liarge portlon ol (he rematining cement lte In spheroldized Torm.  This materlal I«
)D *l I

agaln rendered superplost le.

The flrst alternatlive method is to he contrasted to Lhe Tirst method in which

the steel is mechanically worked in the alpha-cement Ite range.  In the First method,

essentially all of the cementite which is present in the steel in the alpha-coment | (o

range is converted to spheroidized form. That steel is superplastic at typical

temperature of fabrication on either side of the gaima=-alpha conversion (c.y.,

600-900°C).

Weoplve an example ol (he t ype ol mlerost ructure and mechanlenl propervt ben

obtaloed by the thermal meclintleal processing deseriblog s the |irvs e had, A
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casting of the 1.3%C stecl was heated to 1130°C Tor 60 minntes and then was rolled

continuously, in twelve passes, at 107 per pass, to a true strain to 1.2.  Sinee

the original casting cooled during rolling it experienced deformation in the gamma

range as well as gamma plus cementite rante. When o temperature of 650°C was

reached it was rolled isothermally in this ferrite plus cementite range Lo an

additional true strain of 1.2 (again, at 10% per Pass).  The microstrincture of

the warm worked steel, given in Figure 5, revealed 1 fine spheroidized strucrure

with ferrite grains in the order of one micron and less. The room temperature
3

_—

g Preperties of the material were as follows: (1) the Rockwel] "¢ hardness of the

plate was 34, and (2) tensile tests revealed a yield strongth of 147 ksi, an ultimate

tenslle strength of 182 kui and tenslte clongation of 77 (one inch gage lenptn samp e,

o o

The hiiph temperatare properties reveal (his matertial (o

he superplastic with 4827
clongation to Iracture at 650°C when deformed at a crain rate ol one percent per

minuta.
Second Method

In a "second method", the steel is treated in o manner similar to the [1rst

method including homogenization in the gamma range .and mechanical working in the

samma-cementite range. The details of these procedures are Incorporated at (his

noint by reference. Thereafter, at o temperature Iow i the gamma-cement { e range,
|

(eayp., 750-850°C), the steel Plate 15 rolied isothermally (o form o fine yrained

1

iron.  Since this steel is highly plastic at such Lemperature, it can be worked

exienslvely without cracking. ‘Thercalter

s the steel may be processed according to

conventional techniques. For example, the rolled casting can be alr cooled to room

temperiature for storage. The microstructure of thi: rolloed steel includes flpe

T N RO EEE ——

pearlite with spheroidized cementite. Isothermal working at 800°C has (he advant aype

that refining of the iron grain and spheroidizing o!f the cement i occrs gt g
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Figure 5. Carbon replica photomicrograph illustrating fine spheroidized
microstructure in a 1.3%C steel as obtained by extensive warm working
followiy 5 the procedure described in the first method.
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controlled and fixed temperature and can yield a strong tough material. Since
this material has a fine structure at room temperature, it can be reheated at a
subsequent time to temperatures at which it can be labricated into the desired
configuration in a superplastic state. A preferred temperature for such final
working is low in the gamma-cementite range. This heating across the gamma-alpha
transition removes most of the non-spheroidized cementite which had precipitated
in plate form during cooling. The different microstructure formed by working in
the alpha-cementite and famma-cement ite range are sct forth in the section on the
first method.

The steel, isothermally worked in  he gamma plus comentite range, is made
superplastic below 723°C by deforming it to large siraln: (e.p. v = 1.%) in the
alpha plus cementite range (e.. 600 to 700°C). As stated in the first method
this deformation process will spheroidize the transiormation product obtained {rom
cooling the steel isothermally worked previously in the pgamma-cementite range.

An example of the microstructure and pProperties obtained by the second met hod
is as follows. A 1.6% carbon casting was homogeniz.d at 1100°C for 60 minutes. It
was then forged in the gamma plus cementite range (cooling to about 800°C), in ten
steps, to a total true strain of 2.0. The forged plate was then rolled isothermally
at 850°C to a total true strain of 2.0 (At twenty percent per pass with 5 minut o
reheating time between passes) and (hen alr cooled. The microst ructure ol this
steel, shown in Figure 6, reveal (he presence of procutectoid cementite in spherof
dized form and transformation product consisting of tinc poarlite.  The room tempet
ature properties of this material gave a Rockwell "¢" hardness of 30, In compression
tests at room temperature, the plate exhibited a yicld strength of 190 ksi, with no
cracking occurring up to 30% compression strain.

If the above processed steel is heated to 650° and isothermally worked at this

- 19-
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Figure 6.

Carbon replica photomicrograph illustrating proeutectoid
cementite and pearlite in a 1.6%C steel after extensive working in
the gamma-cementite range.

the second method.

The steel was processed as described in

19
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temperature to a true strain of ¢ = 1.2, the result is a microstructure as shown P

in Figure 7. Much of the transformation product is now spheroidized and the resuli

is a strong material with a room temperature hardness of Rockwell Hel- 37,

Third Method
E In a "third method", the ultra high carbon stecl is heated into the pamma rangce

for homogenization in accordance with the Principle: of the foregoing first and second

methods. Here, the steel is rapidly cooled through the alpha-gamma transformation to

form martensite plus retained austenite. Thereafter, the steel is tempercd to a

Suitable temperature high in the alpha-cementite range, ¢.p., 650°C. As a1 last step,

this tempered martensite-containing stecl iy warm worked in the alpha-cement e rang.

to break up and smwruhHZothv(mmmnlu-pnwipﬂnlmlInmnHu-rmuimwlnmuvnHv.

As a precaution against cracking, the. quenching rat. should be controlled.  ope

technique is to employ an oil quench rather than a water quench tor this purpose.

The third method may have a number of important advaotages. Firstly, the

formation of martensite creates a relatively fine microstructure which thus reduces

] the amount of working required to refine the grain iize. Ip addition, the final

product is extremely strong at room temperature and is characterized by superplasticity

4t temperatures of 600-900°¢ which can be employed 1or Fabrication.  The structure

of this steel at room temperature includes fine pramned iron

i and cement ite in pre-

f dominant ly spheroidized Lors.,

§ In an alternative to the third method, mechani Al working may be accomp | ished

; in the samma-cement ite range rather than warm working in the alpha=comentite range.

; For optimum plasticity, tabrication of a steel produced :ccording to this alternative
|

i is accomplished in the gamma-cementite range.

; An example of the microstructure obtained by the third method is given in

é Figure 8. This fine spheroidized structure was obtuained in a 1.6%C steel using the

20-




Figure 7. Carbon replica photomicrograph illustrating a 1.6%C steel
processed in the same way as described in Figure 6 except for additional
working in the alpha-cementite range.



Figure 8. Carbon replica photomicrograph illustrating the fine spheroidized
microstructure obtained by extensive working at 550°C of a quenched and
tempered 1.67%C steel as described in the third method.




following procedure. The casting was homogenized a' 1130°C for 60 minutes and
water quenched. It was then heated to 550°C for 2 hours and rolled isothermally
at this temperature to a strain of 1.8. The fineness of the structure obtained
at the low warm working temperature resulted in a high room temperature hardness
of Rockwell "C" 50.

Fourth Method

In a "fourth method" total mechanical working takes place at cold temperatures.
It employs part of the procedure of the third methoi. Thus, the ultra high carbon
steel plates are homogenized in the pamma range and then quenched.  These plates
arc then tempered under condit tons to obtain an anncaled product.  Suftable con-
ditions for annealing are temperaturoes high in the .alpha-cement it o range. cup.,
700°C, for a time on the order of onec-half hour to hours.  This annealed product
is then cooled to room temperature.  Then, the prodiuct j: mechanically worked, as
by rolling, to impose a part of the deformation required to spheroidize cssentially
all of the cementite and refine the prain size to the desired extent in the subsequent
annealing treatment. It is preferable not to impos: the total amount of deformation
required for this purpose in a single cold rolling because of the possibility of
cracking at room temperature. After the first step, the steel is reheated and
annealed suitably at the foregoing conditions in order to cause recovery and re-
fInement of the structurc. Then this cycle is repeated until the desired total
strain is applicd.

Thermal cycling through the gamna-alpha transformat ion temperature at say,
600-800°C, will accelerate the recovery process. 1In an alternative to the fourth
method, the steel may be annealed low in the gamma- -ementite range followed by
slow cooling (e.g., air cooling) to room tempcraturc. This material can be coid

rolled to impart part of the total deformation. Thereafter, this cyele of annealing

==




and cold working 1s repeated several times until th desired total delormation is

accomplished.

It is apparent that both the fonrth method and the alternative fourth method
require longer times and more careful control than the first, second and third
methods. Thus, in general, the first three methods are preferable ones.

An example of the type of product obtained by the fourth method is given for
a 1.3%C steel. The original casting was heated to 1100°C for 90 minutes and
subsequently quenched in water. It was then annealed at 700°C for 45 minutes, air
cooled and cold rolled to a strain of 0.3. It was agaln annealed at 700°C for 30
minutes, air cooled and further rolled at room temperature to an additionat strain
of 0.5. A final annealing treatment at 700°C for 30 minutes was given in order to
recover the cold worked structure. Figure 9 illustrates the fine stracture ohtained
by this cyelic annealing, cold-working and annealiny treatment of a high carbon stecl
quenched from the gamma range. This material is relatively soft (Rockwell "C" 20)
becanse of the high anncaling temperiature in the alpha plus cementite range.

Filrth Method

Liea "Fireh method", a steel blilot Is first homogenized tn the gamma vange and
mechanically worked in the same range to break up the cast structure., As set forth
in the seetlon on the first method, mechanical working in the gamma ranpe (s optional.
It accomplishes acceleration of material homogenizat lon and s0 may be relerred to as
"mechanical homogenization".

After mechanical working in the gamma range, the worked structure (s cooled
direetly to a warm temperature in the alpha-cementite range and mechanlically worked
at this temperature to form a fine structure of spheroidized cementite in a fine
prafued Tron matrlix. 1o cssence, this procedure aciomplishes the total deformat {on

required lTor this purpose fn the alpha-cementite range rather than o a combinat fon
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\rbon replica photomicrograph illustrating the fine spheroidized

Ca

Figure 9.

d annealing

structure in a 1.3%C steel obtained by repetitive cold working an

treatments as described in the fourth method.
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of gamma-cementite and alpha-cementite range as set forth in the Tirst and sccond
met hods.  Suitable warm working temperatures in the alpha range are from a minimum
ol 500°C to the transformation temperatnre (723°C) and preferably at least 600°C.

In an alternative to the fifth method, mechanical working may be accompllshed
in the gamma-cementite range rather than warm working in the alpha-cementite ranye.
For optimum plasticity, fabrication of a steel produced accordling to this alterna-
tive is accomplished in the gamma-cementice range.

The fine structure obtained by the fifth method is jiven as tollows for a 1.6%C
steel. The original casting was homogenized at 1130°C for 60 minntes and worked at
this temperatnre to a true strain of 1.0. Tt was then cooled and worked isothermally
at 600°C to a trae stealn ol 1.50 0 The resnlting mlerostiucture is shown in Flgore 10
where it can be readily seen that a very tine spheraldlzed strnetnre was obtalbned,
lts room tempoeratnre hardiness wis Rockwel D "¢ 48,0 Alter annealing the tolled pro
duct at 650°C Tor 30 minntes, its room temperature hardncss decercased to Rockwell
e 37, The yield streonpth of the anncaled prodinct was 166 kst wlith a toial clong-
tion of 37.

Other techniques may be employed to form the ultra high carbon steel ol the
foregoing invention so long as the desired nicrostructure is obtained. One possible
technique is to accomplish the desired deformation by thermal eyeling between temper-
atnres across the alpha-pamma teranslormatlon. It wmid be necessary to repeat this
cyel Tage many tlmes becaune each stape of sach tempecatnre detormat fon 1o reiatlvely
small compared to that avcompllshed by mechanical worklIng.

Another teclmique which may be employed to Torm a steel of the desired mlero-
structnre is powder metallturgical mising of powders of Tron alloys contalnlng
spheroidized comentite and tine iron powders.  For cxample, I'ine powders (e.y.,

1-10 mieron size) of white cast lron (4 to 5% carbon) can be mixed with iron powders
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llustrating the fine spheroid
C steel after isothermal working at 600°C as described in
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Carbon replica photomicrograph

Figure 10.

1.6%

in a
the fifth method.
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of approximately the same size and pressed and sintiored ot 600-700°C to bond the
powders by solid state fusion. The proportions are sclected to conform to the
foregoing total carbon contents (e.g., 2 parts of iron to 1 part of whire cast iron).
Commercial steel impurities including manganese may he supplled in the iron powders
or white cast iron powder. The final product has a microstrncture with superplastic

characteristics at elevated temperatires.

4. Roem Temperature Meclanical Properties ol Ultra Nigh Carbon Steels Contalning
Fine Structures

Our success in ubtaining fine structures In the ultra high carbon steels [o
mostopratllying.  We attribute the superhigh ductility observed at wiarm Laamperat un ey
to the presenee ol these | ine structures.  Farthermore, we have o . oady indicited
that sach steels can be strong and doctile at room renperature. The most prowlsIng
results have been obtained with the 1.3%2C stecl. 1. Fignre T we ilLustrate the
Lriue stress—true strain curve for the 1.37C steel alter warm working at 565°C.  The
as-warm worked material lLas a vield strength ol aboat 195,000 psiy, o 215,000 pel
nltimate tensile strength and 47 tensile elongation whicl is i very attract lve con-
bination of properties. The ductllity can be improved In anneallng with a resultan
decrease in the yiold strengthe  Thies, aanealing Tor 100 hougrs at S5007¢ resaltad in
a o vield strength of 150,000 psl and in . dnctility ot 15 (uniform) clonpat ion.
This wonld indicate that we may have developoed a very tongh matervlal,

Stecls containing carbon contents bigher than 1.3%C oxhiblt yleld strengt hs
higher than those we have reported lor the 1.3%C steel.  This is because thoe vield
strength is principally . function of the mean free path Tor dislocat ion mot jon.
(Iurlzmd(n) has shown that the yield strength follows a Tincar relation with ,\—I/'2

where 4 is the mean distance between obstacles. For high carbon steels the dappro-

priate distance Tor X is the mean distance between particles. 1t can be readtly 1

diown thar, for o plven parttele slze Gribont 0. 25%m) the mean part bele spae gy
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Figure 11. True stress-true strain curves for the Fe-1.3%C alloy at room

temperature after warm working at 565°C (1050°F) and (2) after annealing
following warm working (500°C for 100 hrs.).
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changes from 0.4ium for the 1.3%C steel to 0.34im for the 1.6%C steel and 0.29)m
for the 1.9%C steel. This means that yield strengths ol aboat 160,000 psi can be
achieved for an annealed 1.67% steel and about 175,000 psi for an aunealed 1.9%C

stecl.  The diuctility will remain high with increasing carbon content since the

ferrite grain size is fine and this factor dominates the plasticity ol the wmaterial.
Even mor impressive yield strengths are obtainable upon turther rednction of the
particle size.  Thus, a particle size of 0.1 micron will result in a vield strenpth
of about 235,000 psi for the 1.3%C steel, 255,000 psi lor the 1.6%C stecel and 280,000
psi for the 1.9%C steel.

5. Heat Trealment of Finc-Structure Ultra High Carbon Steels

We already indicated that annealing the 1.3%C steel alter extensive warm working
leads to a considerable increase in ductility (Figure [1).  Other heat treatments can
be even more uselnl.  Alter superplastic working or warm worklng in the alpha range
the nltra hiph carbon steels can be thermally treated to abtaln hiph strength by
heatfng above the eritical temperatnre (723°C) tollowed by controlled rates ol cool luy
(or quenching to specltic Isotrhermal temperatnres). In this manner tine prained
anstenite can be transformed to varions forms of transtormed structures soeh as coarse
and Tine pearlite, coarse and fine bainfte, martensite, and so Torth.

Ae wlsh to point ont that heat treatment after smperplastic working ot {lne strie-
tures wonld be cespecially useful with ultra hiph carbon steels containing ailoving
elements.  Vor example, much greater control of the rate of transformat ion is possihle
with a 1.57 Cr steel than with plain carbon steels.  This, in tonrn, will permlt preate
[Texibility in obtaining a desired Tinal microstmeture.  Snch stecls, however, becanse
ol the added cost of altoylng, may Tind less use For applications in contrast to the ]

hexpensive altra high platn cavbon steels which shoabd Vind wlide pencral nt 11y, 1




6. Ultra High Carbon Steels, A Summary
Our research has centered on plain carbon iteel: containing 1.3
to 2.3% carbon (twenty to thirty-five volume percent cementite respect-
ively). Much of our basic studics in the past years 1clated to strain-
1 enhanced spheroidization, warm working, strain ereated vacancies and
superplasticity proved indispensable in our attempt to obtain fine grained
Structures in ultra high carbon steels. Various TMT (thermal mechanical

processing) procedures have been developed which have resulted in particalate

composites of cementite in iron containing ferrite grains finer than onc

4 micron in size. Such high carbon steels are saperplactic at warm temperatures
(about 5007 c¢longat ion have been achieved).  Farthermore, they can bhe made

strong and ductile at room temperatures; for example, o 1,37 carbon ste-l,

processed to conslst of I'lne spheroidized cementite with accompanying fine

ferrite grains, exhibits o yield strength of 150 ksi, and nltimate tonslie ?
strength of 205 ksi and 15 percenr elongation. o the best of our knowledpe
this is the first time plain carbon steels have heen made superplastic and

our results suggest exciting possibilities in the application of incxpensive

steels for many new structural application.
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B. QgEAKDQNHMQE_LAMELLAg_MICROSTRUCTURE§
J. C. Shyne

The intent of this portion of the program is to gain information about
the kinetics and mechanisms of the spheroidization of lamellar microstructures
as a consequence of plastic deformation and thermal activation. The material
chosen for study was the 60Sn-40Pb eutectic. This material is interesting for
its own sake, since the Sn~Pb eutectic is an important microstructural feature
of commou solder. However, the main motivation fer choosing 60Sn~40Pb as an
experimental material is because the Sn-Pb eutectic resembles the more tech-
nologically important Fe-C eutectold, pearlite. ‘'he spheroidization of pear-
lite is 2xtremely important process in steel technology, but the eutectoid
pearlite is experimentally difficult becausr of the brittleness of the Fe3C
phase of the pearlite at temperatures below about 600°C.

Experimental alloys of the 60Sn-40Pb eutectic have been prepared by
melting and casting. By controllinrg the solidification rate by slow cooling,
beautifully well formed lamellar eiitectlc structutes were obtalined. Metal-
lographic practices were developed for observing these microstructures.

The intent was to cold work the eutectic alloye at temperatures too
tow for any thermally activated breakdown of the lamellar structure to a
spheroidized equiaxed microstructure, and then to follow the subsequent
thermally activated process of spheroidization at some higher temperatures,
hopefully above room temperature. Samples were cold rolled at temperatures
down to -196°C (liq. NZ)’ and subsequently their microstructures were examined
dat room temperature. In all cases, no matter how rapidly the metallography

was performed, there was extensive spheroidization of the cold worked speci-

mens.  Thle effectively rules out normal metallogr aphy (at room temperature)
ani viable means Tor tollowing the progress of the spheroldization reaction.
Belove attempting metallographic examinat ion ol the cold worked Sn~Ph
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L S g

material below room temperature by means of light optical methods or using a

scanning electron microscope it was decided to use differential thermal anal-
ysis (DTA) to determine the temperature range In which the lamellar breakdown
occurs. DTA experiments were attempted on specimens of 60Sn-40Pb cold rolled
at ~78°C (dry ice sublimation temperature). This has proved to be a most dif-
ficult task and, as yet, unsuccessful. The DTA technique depends upon detec~
tion of the small amounts of heat given off by an exothermic reaction (or heat
absorbed by an endothermic reaction). Results to date on the $n-Pb eutectic
have been unreproducable and unmeaningful. The main sources of error being
the very small amount of energy released during the spheroidization reaction
and experimental noise occasioned hy the condensation of traces of {ce and its
subsequent melting on the DTA specimens.

Some information has been gained from mecl anical tests performed at
-78°C. Eutectic S$Sn-Pb specimens wcre tested in compression using an Instron
mechanical test machine. It has been found that os-cast lamellar speclmens
work soften during compression deformation, apparvntly this is a consequence
of concurrent spheroidization. Test specimens initfally with a spherodized

microstructure exhibit normal work hardening rathcr than work softening.  Re-

markably, this work sol tening behavior rersists t« -78°C, the lowest test
temperature. This suggests that attempts to follow the isothermal progress
of the spheroidizat ton process would have to be carried out belaw -78°C (dry

ice temperature). However, temperitures below -7¢°C in addition to befng
experimentally very difficult (for metallography, DTA, etc.) create another
problem, the transformation of white, metallic Sn (BCT) to gray, nommetallic
Sn (diamond cubic). This phase transformation is usually quite sluggish, and
the white Sn phase (one of the two phases of the (0Sn-40Ph eutectic) con he

undercoolted far below the e¢quilibrium temperature ( 13°C for pure Sn). At
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-78°C there was no indication that deformation had stimulated the white to
gray Sn transformation. But specimens cooled to -196°C were very brittle
and broke up during attempts to roll them, probably because of the $n trans-
formation.

The experimental difficulties encountered plus the unexpected occur-
rance of the spheroidization reaction at temperatures as low as -78°C require
Some reassessment of the experimental aims. At this point it appears that
further attempts to obtain quantitative kinetic duta on tie reaction of micro-
structural change from cold worked lamellar eutectic to spherodized eutectic,
should not be made. Clearly two experlmental techniques have been successiul,
convent fonal optical metallographle characterizat on of the microstructurcs
(at room temperature) and low temperature compres:fon tests. These tech-
niques will be used to demonstrate thc influence of varying amounts ol plas-
tic strain applied over a range of temperatures on the resulting final
spheroidized microstructure. Such information, while not so useful as quanti-
tative isothermal kinetic data, will help to eluc:date the process of lamellar
breakdown both specifically in 60Sn~40Pb and generally in other lamellar micro-

Structures.
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IV. SYNTHESIS OF MEW TYPES

OF CATALYST MATERIALS

J. P. Collman
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HETI:»R_OGE_‘P‘EZED HOMOGENEOUS CA'I'AIQ!_E‘LI‘ﬁ
J. P, Collman

Hete rogenized -Homogenized Hydrogenation Catalysts

During the past six months an effort directed towards the synthesis

of a new silated chelate 1 has been in Progress. This synthetic effort

is not yet complete, An?.mproved method for preparing Marquardt's
silated chelating phosphine 2 is being developed. However efforts to
prepare the arsenic analogu:e 3 have not been successful, Kaganl has
described a chelating chiral p}:osphinc 4 chemically attached to poly-
styrene. Work in progress is directed ;o'.vurds a silated analogue 5 of
Kagan's chiral ligand. Additional rate data concerning the effect of POisGe ...
on o commercial rhodium catalyst are still being determined.  These data
are consistent with the hypothesis that adjacent surface rhodiums arc

necessary for cach catalytic scequence,

Cli, P'Ph

- 2 2
H_=C - o p 3 iCH.C 2 :
LHZ»-(.II .’O P h2 (I-t0\3Su I{Z( uzc “z( H\(ZHZJ’I‘hZ
i NMe
2
1 2

-

I
- » .~ I}
’(:”ZASPhZ y /= \ /O (,II(.IIJI i h‘,‘
(FtO) ,SiCH,CH ,CH_CH 1)) cn
3 2 2 2 S i 2/ X de i
(,H?A.s.lhZ n O - CHCH, PP

polystyrene

I 5
chiral centers

lll
/O— (.-(:HZH-'h2
(EtO)ZSi
N
O — ?:CHZPPh 5
H
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Metallic Catalyst Supports

Monodispersed solutions of ZH-TaSZ have been prepared according

to Murphy's directionsz’ 2

- Rhodium(IIl) cations have been attached

to the surface of these layered metals by ion exchange. Preliminary
electrochemical sl:m:li.es4 of ZH—TaSZ as single crystals and reprecipitated
aggregates have been initiated. The two types of samples gave similar
behavior but the potential range in which these naterials remain "innocent'"

and will serve as inert electrode supports is limited to the cathodic side.

Face to Face Porphyrin Synthesis

Present efforts are directed towards the Preparation of a key
intermediate 6 which can be used to make a range of 'face to face"
porphyrins which we cxpect will catalyze 1nulticlectron redox reactions.

At present we are three steps away from 6 in a six stage lincar scquence.
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Supported Multimetallic Clusters

M. Boudart

Anisotropy is the most distinctive propertv of crystalline
matter. Surface anisotropy of a large crystal is determined by 1ts
individual faces. In the case of catalytic particles in the nanometer
range the notion of face is inadequate as revealed by electron micro-
scopy. lt is preferable to describe surface structure by specifying
the fraction of surface atoms with a given number of nearest
neighhcrs. A surface atom with i nearust nelghbors is called Ci'

It has been shown theoretically by others that the surface
structure of small particles clanges with particlc size in the range
between |oand 10 am (1), fFor Instance, the fraction of C7 atoms
the surlace of a bee partlcle 1s almost ten (lmes smaltler on a | nm
partlele than on larger ones.  Thos a study ol the change tn eatalytle
actlvity with partlcete slze way establish  whether a reactlon depends
on surlace structure.  IF g0, 11 is said to be structnre senstlve.
This appears to be the case tor ammonia decompositlon which proceoeds
at a rate 10 times higher on the (111) faces than on the (100) or
(110) faces of tungsten single crystals (2). 1t must be noted that
among the low index faces of bec tungsten, only the (111) face
exhibits Cy sites.

In the case of ammonia synihesis, it has heen observed by Brill
and Karzidim (3) that the catalytic activity of swall particles ol hee
iron was higher when the magnetite, Feon, used Lo prepare the catalyst
wits redneed by dihydrogen in the presence ol dlnftrogen, thian when it
wilts 1reduced by dlhydrogen atone. 1t was also observed with 1ield
cilsslon microscopy that dinitrogen reconstiacts an lron tip by
adsorbing preferentialtly on (111) planes and increasing thelr extent
(4). Hence, 1t was surmised by Brill and Kurzidim, that the role ol
dinitrogen in the reductlon of magnetite to lorm . more active cati-
Iytic surlace was to lavor the appearance of (111) Taces which, I

turn, were assumed to possess a higher catalytic activity than other
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faces for the ammonia synthesis. In view of these observations

suggesting a catalytic anisotropy of iron surfaces for the ammonia
synthesis, it was decided to study the rate of that reaction of very
small particles of iron and the variation of the rate with particle

size and catalyst pretreatment in the presence or in the absence of

dinitrogen.

It was hoped that MBssbauer spectra ol these small iron

particles would bring information on the desirab]. surface structures

in ammonia synthesis.

Supported Iron Samples: Chemisorption

small (1.5 nm), medium size (4 mn) and barpge (30 nm) fron
particles were prepared on a magnesiom oxlde support.  The average
iron particle size was determined by the sclective chemisorption ot
carbon monoxide, following the method of Brunauer and Fmmett (5). In
an attempt to verify the dinitrogen induced reconstruction of iron
surfaces, the reduced iron particles were treated in t lowing ammonia
at 670 K and atmospherie pressure so as to form o buik nitride ot iron,
as shown by MBssbauer spectri. Following the ammonia treatment, the
iron nitride was decomposed at the same temperature in a flow of
dihydrogen. The sequence of nitride formation and decomposition wil}
be called ammonia treatment for short.

I't was found that the amount of carbon monoxide chemisorbed on
the smail iron particles decreased by ca. 107 as o result of the
ammonia treatment. (1t we aceept the views of Brunaner and FEmmott

(310}

the chemisorption of carbon monoxide on the low index faces ot fron,
the observed decrease In chemisorption can be explatned It the ammonta

treatment increases the retative proportion ol Cy; sites.

Structure ﬁqnﬁjgivi£y<5Uflyym»giq_§zgﬁhesls_iu['[pun

The turnover number N, i.e., the number of ammonia moicculos
made per second per iron site titrated by carbon monoxide, was fonnd
to increase by at least one order of magnitude with particle sive.

As MUsshauer spectra gave no indication of appreciable electronic

-6~
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‘nteraction between metal and support, the eifect of particle size
suggests that the ammonia synthesis is a structurc sensitive reaction.
The effect can be explained by assuming that C7 sites, which arc less
probable on the smalle:r particles (1), are responsible for a higher
value of N. This explanation is supported by the ohserved increase
in N following the ammonia treatment which also appears to increase
the population of C7 sites as ind‘cated above from chemisorption data

and below from MHssbauer spectra.

4. Surface Magnetic Anisotropy of Small Ion Particles

Iln 1953, Néel predicted that sufficiently :mall particles
shonld exhibit observable surface magnetic anlsotropy as the latter
becomes more Tmportant than shape and crystalline magnet [e anlsot roples
which domloate with larger partieles.  This ottcecetr conld be observed
uncquivocally Tor the Iirst tlme in this work. 1ndeed, MBsshauor
spectra ol the smaller iron particles show that the surface magnetic

anisotropy barrier is lowered by Lhe ammonia treatment. From Néel's

theory, it follows that the ammonia treatment increasces the relative

proportion of ecither C5 or C7 sites.

5. Conclusion
Three effects of surface anisotropy have bheen observed in this
work: first, the decrease o! €O chemisorption as a result of ammonli
treatment, the increase ol N with particle size and awmonia treatment
and third, the decrease In surlace magnetic anlsotropy following
ammonla treatment.  All threce taken together Indicate that €, sltes

/

are formed as o result of ammonin treatment and are more actlve thin

the other sites in ammonla svothests on fron.  The ultimate explana-
tion of this conclusion remains to be tound. As of now, let us clte

a remark ol Selwood (7) who pioneered the study ol magnetic and in
particular superparamagnetic phenomena in chemisorption and catalysis:
"It is remarkable that a development in geophysics plus one In the
precipitation hardening of metals should have applications in hetero-
genous catalysis." We submit that this remark provides some justifi-

cation in talking about "the physical hasis of catalysis."
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C. Preparation of Fine Particles

W. A. Little and J. W. Brill

The objective of this rcsearch has been to prepare fine

0

particles (20-1000A) of controlled size distribution of various
metals and to coat these with different organic or inorganic
materials. These materials are expected to have novel electric,
magnetic and mwechanical properties which we plan Lo measure.
Pqﬁgcmiﬁqdﬂq'

Particles have been prepared of Al » Aulc NE, Cu and Fe by
evaporating the metal jn an atmosphere of Avgon or Helium. An
extensive electron microscope study was made of the size distri-
bution of the particles by collecting them on elcetron microscope
grids and covering them with a carbon film. Some samples were
found to have an amorphous coating but "clein" samples could be
Formed by placing a shutter between filament wd grid and only open-
Tug the shutter for o Fraction of a sceond.

Exper i aive been doue to see T ettt leient co!l cet fon ol
Iron particles can be wade ushog o suftably shaped mapnet be thebd.
Thick webs of particles could be formed but colledCion cliticleney
was zenerally found not to bo good. Alternative ways ol producing
finc coated particles by grinding under suitable chemicals have been
considernd,

The possibility of studying the plasmon states of indlvidual

fir> metal particles is beiny considered and preliminary cxperiment s
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have been done using the essential ele

ments of a characteristic

E energy loss spectrometer. It igs anticipated that such studies
t might clarify the role of particle size on chemical reas tivity, |
[
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V. DEVELOPMENT OF ELEVATED TEMPERATURES

ELECTROCRYSTALLIZATION TECHNIQUES

R. S. Feigelson
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R. A. Huggins

Professor of Materials Science
and Engineering




A. Introduction

The majority of work reported in the liierature on
electrochemical crystallization has been concernced with the synthesis
of various compounds, primarily of the transition clements and the
preparation of metallic coatings for commercial applications. Very
little effort, however, has been expended on the development of a
sufficiently sophisticated understanding of the principles involved
in the technique to allow adequate control of the nucleation and
growth processes nccessary for the production of uscful bulk samples
including single crystals of a wide range of materinls. In order to
achieve this level of control, it is necessary to understand how to
produce and maintain the appropriate thermodynamic and kinetlc con-
ditions at the growth interface during the clectrocrystallization
process. 1t is in this direction that the major emphasis of thig
program s oriented. One of the outgrowths of this offort will be
the abflity to produce materfal cont tnnously incloding single crystals
by et ied clectrochembeat erystal fizatton technfques.

Attention Is also belng glven to the development of the cltectro-
chemical conditions necessary ltor the production ol a group of specitic
materials of special interest. These include intermetallic niobium
compounds with high superconducting transition temperatures, high
melting point boride corpounds with unusual hardues:s and good electron
emissivities, and other materials ol interest because of their potential
technological use as optical materials or mixed conductors in new types
of battery systems.

During this report period, significant achfcevements have been

made.  farge singic crystals of Na WO, have beceu produced by the
X

3
clectrochemleal crystallizatfon method under controifed condltions

using moften tungstate baths and o Czochralski-tike growth techalque.
The supcrcond o ting phase waﬂv has been synthesized by electrolysis

of a molten saft hath.

42—
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A system capable of reproducibly growing LaB

P single erystals |rom
)
molten salt baths has been developed.

Each of these programs will he discussed separately in the

following sections.
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B. Investigation of the LaB, System
= A

I. V. Zubeck and P. A. Pettit

1. Introduction

Very little previous effort has gone into Lhc development of
a sufficiently sophisticated understanding of the principles fnvolved
in electrocrystallization to allow the production ol useful bulk
samples, and single crystals. ‘he emphasis of this part of the
program has been to understand how to produce .and maintain the
pertinent thermodynamic and electrochemical conditions necessary lor
morphology control.,

The borides were chosen as a prototype system tor metal-metalfoid
formation. The growth of lanthanum hexaboride (LaHh) single crystals,
sclected becanse of its commercial interest, is presently being stwdled
with emphasis on obtaining controlled growth conditions.

During the first phase of this program, techniques were i
developed which allowed the growth of small crvstals ol LaBb from o
molten oxyfluoride bath on gold electrodes.  From thesc carly experiments

the effect of process parameters on morphologi.-al stability, noneleat Lon

e s

rite, deposition cllfciency were extens Ively sindiod. Fhe need Tor more
sophisticated processing equipnent along with knovicdge and control ;
ol reactlon chemistry was recopnized as an bmportant requirement 1o

the attainment of reproducible results.  Efforts Lowird this goat have

been realized during the past six months.

2. Experimental Results

Larger crystals of LaB6, 4 mm on a side, have heen produced

during this reporting period. This is a substantia] improvement over

P INPP? v DV TP P

previously reported results. The improvement in cr stal size was mode
possible by wodified experimental equipment capable of providing
decarate control of growth parameters. A new Tarnace has provided
Ftatter temperature gradient b the reglon of the cincthle.  Installa-
tlow ol tempevature controller has al lowed vepulatfon ol Turnaee

temperatire to wlthin b0 A new PUALR. tcearel model potent Tostat
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galvanostat has provided a very stable accurate potential source. Cell
potential can now be controlled over a wide current range, and a
capability is provided for control and monitoring ot o thivd elcetrode.
Voltage measurement:s (overpotentinl) made between . tloating third
reference electrode and cathode, yielded valuable kinetic and thermo-
dynamic information concerning the cathode process. With the third
electrode used as a controlling electrode, a preset voltage (overpoteniial)
between the reference electrode nnd cathode insures stability ot (he
ciathode process, a condition which is importiant tor the prow'h ot single
crystals of high quality.

Sources ol bath contamloat ion within (he systewm, which foe laded
the Tornace, thmge, Thttiogs, and crnelble, bave been identilicd, and are
belog systematlceally ebmlnated.  Nickel cruclbles nave been replaced by
glassy carbon and platinum,

A nucleation stndy has shown that when controlled prowth
conditions are achicved, grain selection does ocenr altoel crystallite:n
have nucleated on the dectrode (scee Fig. ). tnader these more stable
condilions, secondary nucleation does not intertere with he prowl b
process.  This is favorable to the growth of larger single crystals ol
improved quality and morphology.

The interrelationships among cell potertial, cell coarrent, .
clectrode configuration are now well understood and prowth conditions e
now reproducible.  Gell potential 1n held cons tant Toring any piven tan,

and el cnvrene and resistance Tollow Olm's aw:

I N where R i1l
A
17 = )l o= resistivity
A
I = dlstance botween olect rodes

A= 1 (cathode area, anode area)

It we assume that the resistivity ¢ ol a solution remains const.ant during

a run (bath nwot run to depletion) then we can write

I. = constant
k= 1 = constanl 4
{ l A 3

=l B
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Figure 1. LaB, grown on Au substrate: 100X

6
Light area Au electrode, light grey LaB

6
crystallites, and the two phase dark grey

region the plastic sample mount.
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if it is assumed that Al is small compared with I. Thus, operation ol

|

an electrolysis cell at constant potential E {implic: operation at
constant cathodic current density 1/A. The cell current rises durlng
a run as deposited material increases the effective cathode arca (A
increases), anode area being constant. This argument also implies that
for constant cell potential F and a given initial cathode area, the
cathode current density used during a run can be chosen by suitable
choice of anode area. If A. > A, than |, > 1. by I. = | = constant.
1 2 1 2 :
(1l A
The two growths shown on tle graph in Fig. 2 were identical
except for a difference in anode arca. Io represents the initial corrent
as measured ten minutes after the start of electrolvsis. The current
rises rapidly during the first few liours of a run . crystallites
nucleated on the smooth substrate result in a large percentage chanpe
in cathode arca. The current 1ises wore slowlv during the remainder ol

k vran as crystatlltes already nucleated cont bnue to prow.  The ditierence

in Io’ rise time, (inal corrent and number of conlonbs passed o seen in

Fig. 2, are attribntable to the difterent anode avea used In the two

TR

experiments.

The growth mechanism operating in the clectradeposition ol materlals
like LaB6 is now understood.(1_7) Layers approximiately 1p rhick Jorm at
pyramidal "active centers” on the crystal Jace and row ontward in all
directions (Fig. 3a, b, ¢). At low to moderuate current densities,
these centers are located at the interior of (he crvstal faces.  As the
current density is increased the active centers shitt to the corncers
and edges of the crystal (Fig. 4). At high current densities, corner
#rowth results in distorted cubes and finally dendritle growths atony,
the [111] direction (Fig. 5a, b). The criticual current denslty for
the growth ol crystals ol cuble shape appears to be In the reglon ol
30 mA/vmz. The opthmum current density for prowth ol single crvyvstals
appears to lie in the region from 10 to 25 mA/(‘m"!. In addition, the

cllects of bath purity on the growth mechanism arce now betterv vnderstoad.,
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Figure 2. Current vs. time for LaB6 growth
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Figure 3a.

Small crystallites, V10| on a side,
showing exaggerated pyramidal structure at

the face centers, 2000X.
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Figure

3b.

Pyramidal growth structure, 5000X. 4
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Figure 3c. Truncated pyramid with layers, 1000X.
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Figure 4. Growth center at cube corner, “250X.
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Figure 5a. Dendrites along [111] direction,
composed of stacked cubes, evidence of

corner growth, 180X.
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Figure 5b. Dendrites along [111] direction, 500X.




3. Future Work

The LuB6 program has proven fruitiul in terms of demonstrating
the influence of cell parameters on the growth process. Future work
on this material will include sceded growth, growth 4t constant over-
potential using the controlling reference electrode, and a study ol
the effect of melt purity on crystal size and quality. The influence
of growth temperature and bath composition on defect structure, mor-
phology uand deposition efficiency will also be investigated. Electro-
chemical synthesis techniques developed in the course of the LaB6
program are applicable to the preparation of other materials. An
investigation of the synthesis of the scandium borides is plannced for

the next phase of the program.
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C.  Continuous Growtl
R. DeMattei
1. Introduction
The first year's activities were concerned with the faclors
which influence che stability of the growth interface during electro-

chemical crystailization. A study of the elecirolytic prowth ol

PR

copper from a potassium chloride (KCL) (46 w/o) - zine c¢hloride (ZnCLz)

eutectic melt containing 5 m/o cupric chloride indicated that stirring

——

had a beneficial effeet on deposit morphology md distribution. ‘the

data was not sufficient to develop a4 quantitative relationship. A

T

second study concerned the electrodeposition o! zine in an ultrasonic .
tield from an aqueous zincate (ZnO?—z) solution (10 w/o potassinm 3
hydroxide (KOI) in water with 0.1 mole per liter zine oxide, and ?
showed that ultrasonic enerpy cansced a decrease in te cathodic
overpotentlal which in theory vcould be attrlibuted to a decrease }
bomdary tayer thickness aud/or to an Increase tn the of Feet v
d1fluslon coetlleient.  Both of the above systems pooved to he of
Fimited utility lu o continnous growth program hecause the prowth
habit during clectrodeposition was not well=del incd ;
To facilitate the goal of being able to contimuously grow o
composition by the clectrochemical deposition Process, a new system
based on sodium tunpgstate (NGZWOA) = tunpstle oxide (WOQ) melts was
investigated. targe sodium tungsten bronze single (rystals (Nnxwu‘.

0.1 » x - 1) with well-defined morphologies can be produced from

these melts at relatively high growth rates in the presence of saitable
clectric potentials.  The growth of such Nnxw(); crystals provides o 1
better system Tor the Investigation of the limits ol interlaee stability
thanm the copper or zine systems, sinee 10is mieh easior te alter the
quality ol crystats whileh can bhe veadlly grown ander a wide ranpe  of
condltions, than tt Is to lmprove the bnterface stablilty fn o system
which is Tar trom yiebdlng stable growth condit lons.
The major thrast ot the program over the flest hall ol this year

has been tovward the devetopment of an nrdervstanding of aud (he techirlgue:, :
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for Czochralski-like growth of Nnxwo3 via an electrochemical reaction

in a tungstate melt under an applied electric potent ial.

2. Experimental Results

(a) Preliminary Experiments

Since the sodium tungsten bronze is formed bv the reaction

X Nawo, + (1 - X

>
9 Y0, 2) Wo NaxWO

3 = 3t

3

()

it Ls known that a growing crystal can be remelted If it comes In
contact with tree ozygen at hlgh temperature. An apparatus desipned
to pull Nuxw03 from a melt, therelore, might require provislons lor
keeping the as-grown bronze crvstal ont of contact with oxypen. A
series of experiments to test importance of the melt back problem and
ways to prevent it were immdertaken.

It was shown that a bronze crystal exposed to air at 750°C
quickly melted back. 1In a flowing heliwn atmospherce the bronze was
stable as long as oxygen bubbles generated at the anode did not come
in contact with it. The oxygen formed at the anode did, however,
float across the melt surface to the cathode where attack Look place.
To avoid this problem, the anode was enclosed in o compartment which

doubled as a hel fum ourlot.

(b) Apparatus

An apparatns Tor the comblned Czochralski-clectrochem] el
technlque has been deslegned il constructed, Flyeo 1o Pulllny I
accomplished using standard portable commereial erystal puller.  iIn
its present configuration, this unit is capable of pull rates Trom
1 to 6.5 mm/hr. Rotation of the sced is provided by a motor-generator
driving through a speed reducer to provide rotation rates of 0 to 64
rpm. The crucible containing the melt is held in a quartz tube scaled
by a water cooled brass flange. The flange is provided with Flttings
for both clectrodes and introduction of an incrt pas atwosphere,

inclading a reference electrode for overpotent ial measurements, the
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seed rod-cathode on which growth takes place, and th: compartmented %
anode. The entire assembly fits inside a resistance furnace whose
temperature is controlled by a three function proportional controller,
which scnses the wall temperature of the quartz tube by means of a
chromel-alumel thermocouple. The average axial temperature gradlent
for this system is 13.5°C/cm.

The applied potential for electrodeposition is provided by a
power supply which may be operated in either a constant voltage or a }

constant current mode. Contact to the rotating cathode is made E

throngh a mercury filled copper cup attached to the cathode rod.
Measurements of both overpotential and applied cell potential are
made with a voluneter and the cell carrent is wonitored by a clip-on
milliammeter. All the electrochemical paramet.ors ate also recorded.

Sce Fig. 2 lor a block diagram ol the circuit.

3 (¢) Pulling Experiments
; To date, several crystals of N;z‘(W()3 have been pulled. All of
these have been grown from a melt of 25 ni/o WOS - 7% m/o Na

ZWOA at
750°C under a flowing helium atmosphere. These growths were secded
with crystals grown in melts of the same composition indicated above.
The longest e¢rystal produced by this method is in cxcess of 7 em in
length.,  Sec Fig. 3.
When growing In a stable manner, these crystats exhlblie o
constant c¢ross scection. A model tor this behavior may be derlved by !
considering the volume of material deposited

L Ma
nkFp

where ¢+ is the efficiency of the clectrochemical process, M Is the
molecular weight of the speclen deposited, a is the total charge
transferred, n is the number ol electrons transferred (for NnXWOB,
n = x), F is Faraday's constant, and p is the density of the material.
The rate of change of volume with time is given by

eM
= [ = Wl 3

t M P
dv/de = i da/dt
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Czochralski-elcctrochemical apparatus.
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Figure 3. Section of Na 8WO3 crystal grown
at 6.5 mm/hr at 64 rpm. Notches are due
to periods of growth at reduced current.

,5‘/- L-—




where T is the total current. Volume may also be erpressed as
v = Ay

where A is an area and y is a distance in the direct ion of pulling.

The ratc of change of volume is
dv/dt = yda/dt + Ady/dt.

But at equilibrium, A is constant (da/dt = 0), thus
dv/dt = Ady/dt = KI.

In NaXWO3 in the cubic phase growing along the [111|, the interface ls

a trigonal pyramid the total area of which is
A =3 d%/4

where d is the disti:nce across one of the crystal fuacets. Thus
.- (.__KL-,- ) 1/2
.75 dy/dt

where dy/dt Is the pull rate. This model predicts that changiny total
current and pull rate in the some manner (di.c., doubling both) should
Teave the crystal cross section unchanged. In Fig. 4, a crystal s
shown which demonstrates that constant cross sccetion can be maintalined
by apprepriate simultaneous changes in current and pull rate. ‘The
model further predicts that increasing the total current at a fixed
pull rate will increase the cross scction and increasing the pull race
at a fixed total current will decreuse the cross section. An exanp] ¢
of the former type of behavior is seen in Fig. 5, while the notches in
Fig. 3 are an example of _he latter type of behavior.

Crystals grown by the above procedure show 2 strong preference
for growth along the [111}. Therefore, (n mo:t experiments, [111]
oriented secds were utilized. [n one growth nsing 1 seed oriented on
the [211], the boule axis grew of I the seed axls and prowth was found
to be In the [111] direction. Crowth on other seed orientitions have

not yet heen attempted.
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Fipure 4. Example of Na gwo3 crystal grown from
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25 m/o WO3 - NaZWOA at 750°C. Starting at
4.4 cm:

:

a) fdirst 5.5 mm Current (1) = 7.5 ma,
Pull rate (P) = 1 mm/hr.

b) next 48.5 mm 1 15 ma, P = 1.95 mm/hr
22.5 ma, 2.95 mm/hr
37.5 ma, 5.1 mm/hr

la°]
u

c¢) next 14.7 mm 1
d) last 5 mm I

lav]
i

Branching indicatcs that upper limit of stable

growth has been reached. Rotation rate = 17.25 rpm.
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Figure 5. Example of a Na.8W03 crystal grown at
a constant pull rate (1 mm/hr) with a current
increase. Rotation rate = 17.25 rpm.

a) Current (I) = 7.6 :ma, Time (t) = 20 brs

b) I =15 ma, t = 23 hrs

57 b
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(d) Rotation Experiments

')

As has been outlined in a previous roport( rotation ol the
growing vrystal shonld Produce beneficial ¢'lects. In the Ccase of
Czochralski-electrochemical groewth, this should translate to higher
pull rates. Preliminary experiments indicated that this was the case
with the maximum allowable growth rate before onset ol interface
instability increasing from a waximum of 3.25 mm/hr at 16 rpm to I
excess ol 6.5 mm/hr at 64 rpm.  For normal Czochral:iki prowth ot
oxide materials a range of maximunm stable pull rate . trom 2 mm/hr
(Y,ALLO ) to 10 mm/hr (ZnW0, , CaWl) s, and LiTa0 ) has heen UhSU!VUd.(s)
2775712 4 h 3

A further series of exXperinents to quani ity he maximm prot

rate versus rotation rate relationsliip 15 In Progress. This series

o! experiments will also investigate the relat ionships between over -

potential, current density and rotation rate.
3. Fnture Plans

In addition to the seed rotation experiments now in propress,
the eftects of stirring, applicd ac potential: qmd oltrasonic cneryy
on intertace morphology and growth vate will Le investipated along,
with studies on the influences ol temperature, melt composition, aml
convect ive I'low on prowth parameters.  Llectrical measurement techo lques
will be developed to permit the acenrate contiol ot crystal size,
quality, and growth rate. Other experiments |lanned Include control
ol crystal shape, prowth by controlling overpotential and cont inuvony
prowth of material : of the LnH“ type, which e vepresentat lve of
prowth Irom solutions with low solute content .

A potentially important application of molten salt clectro-
chemistry is in the area of epitaxial growth.  The fmigsten bronzes

will allow the explorations of hoth homo- and heteroepitaxial techniquoes

since the bronze lattice parameter changes with composition.
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